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of the lepton and D* polarizations can be used to search for and identify 
non-standard model sources of T violation. Upper limits are placed on the 
T-odd polarization observables in both the supersymmetric i?-parity conserv- 
ing and i?-parity breaking theories, as well as in some non-supersymmetric 
extensions of the standard model, including multi-Higgs-doublet models, lep- 
toquark models, and left-right symmetric models. It is noted that many of 
these models allow for large T-violating polarization effects which could be 
within the reach of the planned B factories. 
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I. INTRODUCTION 



The origin of CP violation remains one of the mysteries of elementary particle physics 
today, although the observed CP- violating phenomena in the kaon system are consistent with 
the standard model Cabibbo-Kobayashi-Maskawa (CKM) [0 paradigm. One of the principal 
goals of the planned i?-factories is to test the standard model (SM) parameterization of CP 
violation through precision measurements in several of the hadronic decay modes of the B 
meson Any deviation from the SM prediction would be a signal of new physics. Such 
a signal would of course be welcome, since the gauge hierarchy problem of the SM has led 
to a widely held belief that the SM is actually a low-energy approximation to some more 
complete theory. A generic feature of many extensions of the SM is the presence of new 
CP- violating phases. Given the large number of 5's expected at the 5-factories, it is clearly 
important to examine the various CP-odd observables in the B system in order to identify 
those which are sensitive to new physics. Of particular interest are those observables which 
receive negligible contributions from SM sources. 

In this work we present a detailed analysis of several of the T-oddQ observables which are 
available in the exclusive semileptonic decays of B mesons to D and D* mesons. Measure- 
ments of these observables would complement the studies of CP violation in the hadronic 
decay modes and could serve as valuable tools in order to identify the Lorentz structure of 
any observed new effects. In a previous paper P| we have shown that one can define T-odd 
polarization observables (TOPO's) in the decays B^D^*Hv (£=e,/i, r) which are sensitive 
separately to effective scalar, pseudoscalar, and right-handed current interactions. In the 
present work we will provide a more comprehensive analysis of these observables in addition 
to considering the prospects in various models for measuring a positive signal. 

It has long been known that the semileptonic decays of pseudoscalar mesons provide an 
ideal place in which to search for non-SM T- violating signals 0]. One of the best studied 



^We assume CPT invariance throughout and so will use "CP-odd" and "T-odd" interchangeably. 
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of these T-odd observables is the muon transverse polarization in the decay vr^/i+z/^ 
(-f^/la). defined by 

^ _ dV{n) - dV{-n) 
^ ~ dV{n) + dV{-ny ^ ' 

where n is the projection of the muon spin normal to the decay plane. Experiments at the 
Brookhaven National Laboratory give the combined result |P| 

= (-1.85 ± 3.60) X 10"^ (2) 

which translates into an upper bound of .9% at the 95% confidence level. Current efforts 
at the on-going KEK E246 experiment and at a recently proposed BNL experiment 
are expected to reduce the error on this quantity by factors of 10 and 100, respectively. 
This optimistic experimental outlook has generated much theoretical interest in the muon 
transverse polarization in both the K^^ 

The muon transverse polarization defined above is proportional to ■ (jv x Pfi), which 
is the only T-odd quantity available in that decay. One can define analogous quantities for 
the leptons in the decays B^D'^*Hv and one finds that, neglecting tensor effects, they are 
sensitive to non-SM scalar and pseudoscalar effective interactions in the D and D* cases, 
respectively f^. The r lepton polarization in these decays has been studied in multi-Higgs 
models [1T7H20[] and, more recently, in i?-parity conserving supersymmetric (SUSY) models 
with large intergenerational squark mixing [|12],^. In the latter case the effect arises at one 
loop. In both types of models the transverse r polarization can be rather large (from lO's 
of percent to order unity) compared to the the muon transverse polarization in K^^ decay. 
One of the reasons for these seemingly large numbers is that the polarization effects in 
these models are proportional to the lepton mass. Choosing ^=T can thus give a substantial 
enhancement compared to the 1=^ case. From an experimental point of view this means 
that polarization measurements in decays can achieve the same "new physics reach" 
as analogous measurements in K^^^, with far fewer events. One recent study suggests that 
HERA-B could achieve an eventual sensitivity to the transverse r polarization on the order 
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12| and {K+^^ EMI decays. 



of a few percent ||2T|, which would then be competitive - in terms of reach - with that 
expected in the current K^'^ experiments. One could in principle also study the transverse 
polarization of the electrons or muons in semileptonic B decays. Since these lighter leptons 
are highly energetic, however, it is in practice very difficult to measure their polarizations. 
For this reason the electron and muon transverse polarizations will not be considered here, 
although these quantities need not be small in some extensions of the SM. 

As we have noted previously , the semileptonic B decays have a novel feature compared 
to the analogous K decays in that the B can decay to both pseudoscalar and vector mesons. 
The polarization vector of the D* , which is odd under T, may thus also be used to construct 
TOPO's. There are in fact two distinct TOPO's which may be constructed using the D* 
polarization and they are both sensitive to effective right-handed current interactions. For 
(i=T one of the TOPO's can also depend (to a lesser extent) on effective pseudoscalar interac- 
tions. Combining the lepton polarization measurements and D* polarization measurements 
would thus allow one to probe separately the different Lorentz structures of non-SM sources 
of T violation. 

The outline of this paper is as follows. In Sec. |I| we provide a model-independent analy- 
sis of the lepton and D* polarization based on an effective lagrangian approach. The T-odd 
D* polarization observables can be related to T-odd triple-momentum correlations |22|j23|] 
in the four-body final state of the decay B D*{D7T)iT'. This connection is made explicit 



in Appendix p. In Sec. |ITT| the maximal sizes of these T-odd polarization observables are 
estimated in several classes of models. In /2-parity conserving SUSY, T violation occurs 
at the loop level and its effect is negligible in the absence of squark family mixings. We 
demonstrate that large enhancements can occur in the presence of squark generational mix- 
ings, giving rise to observable T-odd polarization effects while escaping the flavor changing 
neutral current (FCNC) bounds. We also consider i?-parity-violating SUSY models. In this 
case the present data place stringent limits on these TOPO's. We then consider several 
non-SUSY models, giving estimates for the maximal sizes of the TOPO's in multi-Higgs 



models, leptoquark models, and left-right symmetric models. We conclude in Sec. IV with 



a brief discussion and a summary of our results. 



II. GENERAL ANALYSIS 

In this section we provide a general analysis of the T-odd polarization observables avail- 
able in semileptonic B decays. The effects of new physics may be conveniently parameterized 
by an effective lagrangian written in terms of the SM fields. For definiteness, we will always 
consider the decays ^D^*^^i~i7, with l=e,fi,T. The analogous TOPO's for the charge 
conjugates of these decays may always be obtained simply by changing the sign [^]. One 
could in principle also consider the decays of neutral -B's. In these decays the electromag- 
netic final state interactions (FSI's) could mimic the T-odd observables which we will be 
studying. This effect is, however, small on the scale of the experimental sensitivity expected 
at the upcoming experiments and could probably be ignored. Furthermore, even in the pres- 
ence of such FSI's, one could measure a "true" T-odd observable by measuring the TOPO 
in both the B and B modes and then taking the difference in order to subtract out the 
FSI effects p4[. Ideally, one would measure both neutral and charged B decays in order to 



maximize the statistics. 

A. Form factors 

Let us begin by establishing some notation. The relevant hadronic matrix elements may 
be parameterized by the following form factors, 

{Dip')\c^,b\B{p))=Uip + p'), + f.ip-p'), (3a) 

{Dip')\c^,^,b\Bip))=0 (3b) 

{D*{p',e)\cYb\B{p)) = ,^e^-/^e:(p + p0.g/3 (3c) 

rriB 

{D*{p',e)\c-f^-f5b\B{p)) = -FAoniBe*^ - ^^ip + p')f,e* -q - -^%^* " (3d) 

where p and p' are the four-momenta of the B and D {D*) respectively, e is the polarization 
vector of the D* , q = p — p', and the form factors are functions of q^. We use the convention 



eoi23 = 1. In the SM these form factors are relatively real to a good approximation, but their 
functional dependences on are, a priori, unknown. Note that the expression in Eq. (|3BD 
is equal to zero since one cannot form an axial vector using only p and p' . 

In order to derive the corresponding expressions for the scalar and pseudoscalar hadronic 
matrix elements, we apply the Dirac equation yielding 

{D{p')\cb\B{p)) = -^[U (1 - rn) + /- ^] (4a) 

{D{p')\c^,h\B{p))=Q (4b) 

{D\p',e)\ch\B{p))=Q (4c) 

{D*{p\ e)\c^,h\B{p)) = ^^(e* ■ g)[F^o + Fa+ (1 - r^O + Fa- -^], (4d) 

where mi, and are the masses of the b and c quarks, ru = m]^/m\ and r£,* = rn'j-,, /m^Q. 

There has been considerable progress in the past few years in understanding the func- 
tional forms and interdependence of the above form factors. Isgur and Wise made the key 



observation in 1989 |25] that in the infinite mass limit for the heavy quarks, all of the form 
factors are proportional to each other and so may be expressed in terms of one universal 
function, now called the Isgur- Wise function. Corrections to this picture due to the finite 
masses of the quarks, as well as perturbative QCD effects, can be incorporated in a system- 
atic way in what has come to be known as Heavy Quark Effective Theory (HQET) In 
our numerical work, we will use the leading order results of HQET. Our analytical results, 
however, will be written in terms of the form factors themselves, with no assumptions about 
heavy quark symmetry. In the heavy quark symmetry limit we have 



Fy = Fa+ = -Fa^ = TT^^M (5b) 

Fao = -^{w + l)^{w), (5c) 

where f denotes the Isgur- Wise function and where w = — — . The Isgur- Wise 

function is normalized to unity at zero recoil, ^(1) = 1. 



It is convenient to parameterize the physics of semileptonic B decays in terms of effective 
four- Fermi interactions as follows 

+GvC^ahlT{l - + GAC^alMl''{l ' 75)^^ + H.C., (6) 

where is the Fermi constant and Vcb is the relevant CKM matrix element. The first term 
in the effective lagrangian is due to the SM H^-exchange diagram and the remaining terms 
characterize contributions coming from new physics, with Gs, Gp, Gy and Ga denoting 
the strengths of the new effective scalar, pseudoscalar, vector and axial-vector interactions, 
respectively. The effects of effective tensor interactions are negligible in most models and 
they will be omitted from the present discussion for simplicity. Note that since T violation 
arises from the interference between the SM amplitude, which contains a left-handed neu- 
trino, and the non-SM amplitude, we do not need to consider four-Fermi operators involving 
a right-handed neutrino. 

The new physics contributions to the decay amplitude may be taken into account by the 



following replacement of the form factors, 

/; = /+(! + 5+) (7) 

f-^fL^f-{i + S-) (8) 

Fv ^ = Fv{l + 5v) (9) 

Fao^F^o^Fao{1 + Sao) (10) 

Fa-,^F:,^ = Fa+{1 + Sa+) (11) 

Fa- ^ = F^-(l + 5a-). (12) 

The S parameters are given by 

S+ = -Av (13) 

5-^-Av-As-\^{l-rn) + ^] (14) 

J- I'l'B. 

5v = -Ay (15) 
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where 



Sao 



Aa 
Aa 

Aa-Ap 



r A- r A- mn 



As 

Ap 
Ay 



V2G, 



m. 



GpVch (rrib - mc)mi 



m. 



GpVcb {rrib + mc)mi 
V^Gv 



GpVcb 
V2Ga 



(16) 
(17) 
(18) 



(19) 
(20) 
(21) 
(22) 



GpVch 

These 5 (A) parameters could in general be complex and could then give rise to observable 
CP-violating effects. Since it is typically true that the TOPO's which we will describe 
are insensitive to new (SM-like) V — A quark-current interactions, it is also convenient to 
introduce one more parameter, 

1 



-{Av + Aa) 



(23) 



which measures the strength of an effective right-handed quark-current interaction. 



B. r polarization \n B ^ Dtv decay 

Let us begin by deriving the expression for the r lepton transverse polarization in the 
semileptonic decay 

B{p) ^ D{p')r{p,)v{p,). (24) 

The T transverse polarization in this decay is perfectly analogous to the muon transverse 
polarization in K^^^ decay. The amplitude arising from the general effective lagrangian of 
Eq. (H) can be written as 
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M = -^vMpr)n^ - iMpu) [/; (p + p'), + t{p- p'),] , (25) 

which has the same form as the SM amphtude except for the replacement f±^f±- 

The polarization observable may be written in terms of two independent kinematical 
variables, which we will take to be the energies of the D meson and the r lepton. This 
choice is not unique, but is convenient for our purposes. Working in the B rest frame, we 
introduce dimensionless quantities x and y which are proportional to these energies, but 
which are normalized to half the B mass, x=2p ■ p' / p^=2E£) / itlb and y=2p-pr/p'^=2Er/mB- 
The differential partial width is then given by 



d'^r{B DtV) _ Gl\V^h\'^m% 
dxdy ~ 1287r3 

with 



pD{x,y), (26) 



PD{x,y) = \r^Ygi{x,y) + 2Re(/;/:*)(72(a;, y) + \f_Vgz{x) . (27) 

The kinematical functions gi{x,y) are defined in Appendix]^. 

The transverse polarization of the r lepton is then defined as in Eq. 



p±{D) ^ dT{n) - dT{-n) 

dTtotal 



(28) 



where n = {po x Pt)/\pd x pV| is a unit vector perpendicular to the decay plane, and (ir(±n) 
is the differential partial width with the r spin vector along in. dV total denotes the partial 
width after summing over the lepton spins. The above expression may be written in terms 
of /4 as follows 

P,^(^)(x,y) = -Az,(x,y)Im(2/;/:*), (29) 

with 



Xd{x, y) = . \ {x^ - 4:rD){y'^ - 4r^) - 4(1 - a; - y + \xy + r^, + r^y , (30) 

pD{x,y)\l 2 

where r^- = m^/m\. 
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The expression for P^*^^^ can now be written explicitly in terms of the effective four- 
Fermi interactions of Eq. (^) and then simplified by keeping only the linear terms in the A 
parameters. (The terms quadratic in A can easily be included if they are not negligible in 
a specific model.) This gives 

P,^(^)(a;,y) = -ao{x,y)luv^s (31a) 
(TD{x,y) = /id(x)Ad(x,?/) (31b) 
hn{x) = 2/2(1 - ro) + 2/+/_(l -x + m). (31c) 

To leading order in HQET the function h^ix) has a very simple form, given by 

hn{x)^{l-rn){l + ,^^e. (32) 

There are three features of these expressions which are of interest. First of all, note that 
the r transverse polarization in this decay is proportional to the effective scalar four-Fermi 
interaction, as was claimed above. This feature is well-known in the analogous K^'^ decay. 
A second observation is that the polarization function a£){x,y) is explicitly proportional to 
the mass of the lepton involved, and is therefore largest for the r lepton. The transverse 
polarization of the lepton will then be largest for the r mode in models for which A5 is 
independent of the lepton massQ, including multi-Higgs-doublet models and P-parity con- 
serving SUSY models with large intergenerational squark mixing. If A5 depends on the 
lepton mass (as in, e.g., i?-parity breaking SUSY models and leptoquark models), then the 
lepton polarization need not be largest for the case i=T. Our final observation is that, to 
leading order in HQET, the Dalitz density Pd{x, y) is proportional to so that the polar- 
ization function aD{x,y) is independent of C.i'w). The average polarization (defined below in 
Eq. (|33D) does have a mild dependence on the form of the Isgur-Wise function. This latter 
remark applies in general to polarization observables. The contour plots for pD{x,y) and 



^Note that the definition of A5 includes a factor of 1/mi which must be canceled in order for A5 
to be independent of the lepton mass (see Eq. (|l9|)). 
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aoix^y) are given in Fig. |l|, taking $,{w) = 1.0 — 0.75 x (w — 1), which is representative of 
the current experimental data [ p^ . 

The average polarization over a region of phase space 5* can be defined as follows 

'j;iDj ^ Is dxdyppjx, y)P^^'^\x, y) 
~ JsdxdypD{x,y) 

This average is a measure of the difference between the number of r leptons with their spins 
pointing above and below the decay plane divided by the total number of r leptons in the 
same region of phase space 5*. In terms of the four-Fermi interactions, we have 



P^""^ = -WBlmAs . (34) 

Since we are only keeping contributions to the polarization which are first order in As, oj) 
is independent of A5 and we may carry out the integration numerically. Averaging over the 
whole phase space gives 



P^^) = -0.22 X ImAs . (35) 



C. r polarization in i? ^ D*tv decay 

The r transverse polarization in the decay 

B{p) ^ D*{p')T{p,)v{p,) (36) 

is defined in complete analogy with that for the decay to the D. The general effective 
four- Fermi interactions of Eq. (|^) contribute to this decay with an amplitude given by 

M = -^VMPrh,{l - iMp.KM''^ (37) 

A^«' = F^^mBg"'' + ^{p + p'Tq" + ^g^g" + ^^e^''"^(p + p')o,q^ . (38) 

niB TUB rriB 

Working again in the B rest frame, we define x=2p ■ p' /p'^=2Ei:)* /itlb and y=2p ■ 

PT-/p'^=2Er/mB. Summing over the spins of the final states, we find the following expression 

for the differential partial width: 
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d^T{B D*tV) Gj,\Vcb\^m% 



dxdy 



1287r3 



pD*{x,y), 



(39) 



with 



PD'{x,y) = \F'^o\'fii^,y) + \F'A+\'f2{x,y) + \F'^.\'f3ix) + \FU'h{x,y) 
+2Re(F:,oF:C+)f5(x, y) + 2Re(F'AoF^)f6(x, y) 
+2Re(F:,+F:C-)f7(x, y) + 2Re(F:,oFV*)f8(x, y) . 



(40) 



The subscripts of the eight functions denote the corresponding contributions from the dif- 
ferent form factors. These functions are collected in Appendix ^ 

After a kinematic analysis, it is found that only interference terms between the axial 
form factors contribute to P^^^*\ so that 



X 



2r 



D* 



+ 1 + lmiF'^,F'l 



X 



2r 



D* 



+Im(FA+n! 



X 



2rz). 



(41) 



with 



>^D'ix,y) 



J^^W (x2 - 4rB.)(l/^ - 4r^) - 4(1 - x - y + ^xy + td- + r^)^ . (42) 
pD*{x,y)\l 2 



The r transverse polarization may now be written in terms of the effective four-Fermi 
interactions of Eq. (B|). Keeping the leading, linear terms in the A parameters, we find 



pMD*) = -an4x,y)lmAp 
aD-{x,y) = hD'{x)\D'{x,y) 

hD^x) = [Fao + Fa+{1 - rz).) + Fa-{1 -x + r^,)] 

„2 



X 



'AO 



I +Fa, 



X 



(43a) 
(43b) 

(43c) 



,2r^. J \2rD* 
The expression for hD*{x) again has a very simple form in the heavy quark symmetry limit. 



hn*{x) (1 -roO 1 + 



X 



(44) 
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Comparison with Eq. (|32|) shows that this expression may be obtained from the analogous 
expression for h£){x) by taking TD^rD*. 

The r lepton polarization in the B D*tV decay is sensitive only to effective pseu- 
doscalar four- Fermi interactions 0. This observable is thus complementary to its analogue 
in the decay B —>■ DtV, which is sensitive to effective scalar interactions. We note in pass- 
ing that Garisto has found the transverse tau polarization in B ^ D*tV to have an 
additional dependence on effective right-handed quark-current interactions. There is no dis- 
crepancy with our results, however, since the effect which Garisto discusses only arises when 
one fixes the polarization state of the D*, instead of summing over polarizations as we have 
done. The right-handed current effect cancels in the sum. In the next subsection we will 
discuss an observable which is sensitive to such right-handed interactions but which requires 
a measurement of only the D* polarization (not that of both the D* and the r.) 

As noted in section [II B| , the Dalitz density pu* (x, y) is quadratically dependent on ^{w), 
whereas the polarization function a£)*{x, y) is to a good approximation independent of C.i'w). 
The average polarization varies slightly with ^{w). The contour plots for pD*{x,y) and 
(T£)*{x,y) are given in Fig. |^, taking again C,{w) = 1.0 — 0.75 x (w — 1) P7[ ]. 

The average transverse polarization of the r lepton can be defined as in Eq. (P5|). Aver- 
aging over the whole phase space gives 

pj^*) = -o^ImAp = -0.068 x ImAp . (45) 

Note that Wd^ is about a factor of three smaller than ajj- This is because effectively only 
one of the three polarization states of the D*, the longitudinal polarization, contributes to 
the transverse r polarization [Q. 

D. D* polarization in B D*£V decay 

In the previous two subsections we have looked at TOPO's constructed using the spin of 
the tau in the decays B^DiV and B^D*tu. Since the D* is a vector meson, however, the 
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latter channel offers additional TOPO's which may be constructed by using the projection 
of the D* polarization transverse to the decay plane. As we have already noted, these new 
observables will be sensitive to effective right-handed current interactions, making them 
complementary to the lepton transverse polarization observables discussed above. 

Let us denote the three- momenta of the D* and I in the B rest frame by pu* and p^, 
respectively. We may then define three orthogonal vectors ni, n2, and by 

^ _ {pd* X Pi) X pd' , . 

rii = — — — (46a) 

Kpd* X Pi) X pd*\ 

^ _ Pd' X pe 

n2 = ZTT (46b) 

\Pd* X pi\ 

The unusual normalization of na is due to the boost from the D* rest frame to the B rest 
frame. The constraint = — 1 can now be written in a symmetric form, 

(e-- n^f + (e-- n^f + (e^- n^f = 1. (47) 

Note that Hi and lie in the decay plane, whereas n2 is perpendicular to the decay plane. 
The polarization vector of the D* can be taken to be real. It is then clear from Eqs. 



( [46 a|) - (f46c|) that the D* polarization projection transverse to the decay plane, e ■ ri2, is 
T-odd, and that the D* polarization projections inside the decay plane, e ■ ni and e ■ n^, 
are T-even. Since the polarization vector always comes up quadratically in the differential 
width, the pieces which are odd under time reversal must be proportional to (e* ■ n2){e ■ ni) 
or to (e* ■ n2){e ■ n^). For the moment we will define observables explicitly in terms of the 
D* polarization vector. At the end of this subsection we will comment on how one could 
measure these quantities by measuring the angular distributions of the decay products of 
the D*. 

Let us then formally define a measure of the T-odd correlation involving the D* polar- 



ization as follows 



(£) _ dV — dV _ 2dTT-odd / 

"J- total "J- total 
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where dV is obtained by performing a T-transformation on dT, dVT-odd is the T-odd piece 
in the partial width, and dV total is the partial width after summing over polarizations in the 
final state. Note that there is also an implicit sum over the spin of the final state charged 
lepton in Eq. (|i8|), so that this observable depends only on the D* polarization. We may 
then express this observable in terms of the two independent kinematical variables x and 
yielding 



PD*ix,y) = -(e ■ ni){e- 712) Xi{x , y)lm{F'^QF^ 



V 



+ n^W- n2)Hx, y)[\m{F'^,F';_,) + Im(F;+F{.*)(x + 2y - 2 - r,) 

+ Im(F;_F{.*)r, + \ui{F'^^F{;)d,{x, y)], (49) 

with 

4[(x2 -4rD*)(l/^ -4r£) -4(1 + + rfl, +r^)2] 
pD*[x,y)y/x^ - Arc,, 



Ux, y) = ^^4" ^^ / - 4rD0(y' - 4r,) - A{1 - x - y +]-xy + r^, + r,Y (50b) 
pD*{x,y) V 2 



2x(l + vd* + re — X — y + ^xy) 



deix, y) = {y-l) ^ ^ ^ , (50c) 

where re = mj/rn^^, with i=e, fi, r. 

These expressions may be simplified by writing them in terms of the effective four- Fermi 
interactions of Eq. (^ and neglecting terms quadratic in the A parameters. This gives 

Pi^}{x,y) = (e ■ ni){e- n2)cr{{x,y)lmAR 

+ (e ■ ns){e- n2)[ai{x,y)lmAR + a^(x, ?/)ImAp] , (51) 

where 

aiix, y) = -2Ai(x, y)FA^Fy (52a) 

ai{x, y) = 2A2(x, y)Fv[FA+{x + 2y - 2 - r,) + F^_r, + FAode{x, y)] (52b) 

a^(x,i/) = -\2{x,y)reFv[FAo + Fa+{1 - r^O + Fa-{1 + r^. - x)]. (52c) 

The T-odd D* polarization observable can thus receive contributions from both right-handed 
current and effective pseudoscalar interactions. The pseudoscalar contribution is suppressed 
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by rg, however, so that the decay modes B D*ev and B D*iJiV may be used to 
isolate and measure the right-handed current effect. As we have noted above in sections p.1 ij 



and [11 C|, the transverse polarization of the r lepton is sensitive to an effective scalar four- 



Fermi interaction in the decay B Dru, and to a pseudoscalar interaction in the decay 
B D*tV. Combining all three polarization measurements, it is thus possible to probe 
separately the three different sources of non-standard model T-violation which we have 
included in the effective lagrangian of Eq. 

For the remainder of this section we will concentrate on the ^=e and /i modes, studying 
their sensitivity to an effective right-handed current interaction. Aside from the fact that 
these two channels naturally isolate the effective right-handed interactions, they are also 
favored by virtue of their larger branching fractions compared to £=r. Given the small 
masses of the electron and muon compared to the other energy scales in the problem, we may 
safely set r^=m|/m^=0. We will subsequently also drop the superscript ^. The expression 
for the T-odd D* polarization observable then becomes 

PD'{x,y) = [{e-ni)ai{x,y) + {e-n3)a2{x,y)]{e-n2)linAji, (53) 

where, to leading order in HQET, the two polarization functions are given by 

(Ti{x,y) \i{x,y){x + 2y/rB)—— (54a) 



02{x, y) ^ X2{x, y){2-x- 2y) ^ (54b) 

Note that both Ai(x, y) and X2{x,y) are proportional to 1/pd*, and therefore to 1/^^. The 
polarization functions ai{x,y) {i = 1,2) are then independent of the Isgur-Wise function 
C.i'w) as noted above. The contour plots for the Dalitz density function pD*{x,y) and the 
polarization functions ai{x, y) and cr2(a;, y) are shown in Fig. ^ assuming ^{w) = 1.0 — 0.75 x 
f^-1) 12^ 



^We note again that T-odd observables are typically insensitive to new left-handed interactions 
since tlie interference of such diagrams with the SM diagram does not lead to observable phases. 
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We have previously analyzed the two different polarization structures present in the ex- 
pression for P£)*{x,y) [0. As was noted there, the term proportional to Ui involves only 
transverse polarization components, while that proportional to a2 requires a non-zero lon- 
gitudinal projection of the D* polarization in order to be non-vanishingQ. In addition to 
multiplying distinct polarization structures, however, the two functions ai and (J2 them- 
selves have quite different symmetry properties in the two-dimensional phase space spanned 
by X and y. In principle, then, there are at least two distinct ways in which to differentiate 
between the two contributions to Pd*(x, y). The first is to devise a method which can pick 
out one or the other polarization structure, and the second is to make use of the symme- 
tries of 0"! and (J2 in order to differentiate between them. The latter of these two has been 
discussed in some detail in Ref. , so let us first recapitulate those results and then discuss 
how one can get at the polarization structures themselves. 

It is straightforward to demonstrate that pD*{x,y)a2{x,y) is antisymmetric under the 
exchange of lepton and anti-neutrino energies, and that the allowed phase space region is 
symmetric under the same exchange. Thus, integrating over all of phase space - or over any 
region which is symmetric under the exchange - eliminates the (T2 term and leaves only the 
piece due to the ai term. In order to pick out (T2, we note that Pd*o"i is symmetric under 
y ^ 2 — X — y and x ^ x, so that an asymmetric average over phase space may be used 
to eliminate the ai term. In both cases, these properties are independent of the functional 
forms of the form factors. Performing these averages over all phase space then yields for the 
non- vanishing piece in the two cases 

P^l^ ~ 0.51 X (e ■ ni){e- n2)lmAR , (55) 
^ ^ / tor - dy) pQ, (x, y)Pr>, (x, y) 
^* I dxdypD' (x, y) 

~ 0.40 X (e ■ n2)(e ■ n^)lui/\R, (56) 

where ymid={ymin + Vmax)/'^- The asymmetric-average approach used to pick out the a2 
^ This latter term would be absent for on-shell massless vector bosons such as the photon. 
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term in Eq. ( ^6]) also works when the lepton is not massless. In fact, this method also 
eliminates the extra pseudoscalar term which is present in Eq. (0), so that even for £=r 
it is possible to isolate the right-handed current contribution. Numerically, however, the 
average D* polarization found using this prescription is about a factor of three smaller for 
the tau compared to the electron and muon channels. 

An alternative method for differentiating between the two polarization structures is to 
examine the angular distributions of the decay products of the vector meson. It is straight- 
forward to demonstrate that the resulting asymmetries (integrated appropriately over the 
momenta of the final state particles) have the same structure as the terms which define 
Pjjl{x,y) in Eq. (|51|), up to the replacement of the factors (e ■ ni){e ■ fij) by a numerical 
factor of l/vr. In Appendix ^ we demonstrate this explicitly for the decay mode D*-^D'i^. 

Before we turn to the section on model estimates, it is worth pointing out that the 
numerical coefficients in Eqs. (|35D, (|45|), (^) and (|56D, evaluated at leading order in the 
heavy quark expansion, will be modified when the effects due to finite quark masses and 
QCD corrections are included. The uncertainty in the Isgur-Wise function can also affect 
these coefficients but to a much lesser extent, as mentioned earlier. In order to get a feel for 
the size of these corrections, we have reevaluated the coefficients using the QCD sum rule 
estimates for ^{w) and for the form factors given in Table 5.1 of Ref. [^. The estimates in 
Ref. correspond to next-to-leading order in the l/mq expansion of HQET. Our findings 
are that the correction to the r polarization in _B ^ DtV is less than one percent of the 
value quoted in Eq. (^), while the analogous correction for B ^ D*tV leads to an increase 
of about 15% in the magnitude of the polarization. For the D* polarization m. B ^ D*Cm 



{£ = e,fi), P^} and pj^} were found to increase respectively by about 20% and 25% relative 



^ In the case of the neutral D* , and depending on the experimental set-up, it might be easier to 
use the D*—^Dj mode, since the two photons from the vr'' decay could be quite soft. The charged 
pions produced in the case of charged D* decays, however, should be easier to detect 
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to the values quoted in Eqs. (|55| ) and (^61). Considering the uncertainties in our current 
knowledge of the form factors, we will simply use the leading order results obtained in 
this section when making our model estimates. It should be understood, however, that 
more precise knowledge of the form factors could change our estimates (generally increasing 
them) by up to about 25%. 

The main results of our general analysis are listed in Table |. 

III. MODEL ESTIMATES 

In this section we examine the prospects for the various T-odd observables, both in 
supersymmetric models and in some non-supersymmetric models. We start by looking at 
SUSY models that conserve i?-parity. In this case, there are no CP-violating contributions 
to our observables at tree- level. As we have noted elsewhere, however [Q], there can be rather 
large effects (even though they occur at one loop) in SUSY models with intergenerational 
squark mixings. In this case both the r polarization and D* polarization observables can 
receive sizeable contributions. We then examine models in which i?-parity is explicitly 
violated. In such models, T-violating scalar and pseudoscalar interactions can arise at tree 
level, leading to non-zero values for the transverse r polarization in the decays B D^*^tV. 
The sizes of these observables are subject to stringent experimental constraints. We next 
consider some non-SUSY extensions of the SM. We first examine the multi-Higgs-doublet 
and leptoquark models, which can both induce effective scalar and pseudoscalar four-Fermi 
interactions at tree-level. Then we look at left-right symmetric models, where we focus on 
the effects due to the extra gauge bosons only, and give an estimate of the size of the T-odd 
D* polarization observable. 

The results obtained in these models are summarized in Table 
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A. SUSY with Intergenerational Squark Mixing 



The notion of squark family mixings comes from the observation that the mass matrices 
of the quarks and squarks are generally expected to be diagonalized by different unitary 
transformations in generation space [^-31|. The relative flavor rotations between the ul, 
Ufi, (11, and rf/j squarks and their corresponding quark partners are denoted by the three 
by three unitary matrices V^^, V^^, V^^, and V^^, respectively. The significance of these 
mixings for T- violating semileptonic meson decays was noted in a previous work \T2\ and 
discussed in some detail for the transverse muon polarization in K^^ [T^ and K'^2'y 
decays. In this subsection, we focus on the various TOPO's in different exclusive semileptonic 
B decay channels 

To estimate the maximal T-violation effects in semileptonic B decays, we consider the 



one-loop diagrams |ll2| , p!6| with a gluino (g) and top and bottom squarks (t, b) in the loop, and 
with W or charged Higgs exchange. The relevant mixing matrix elements involved are 
and Vgf . When the mixing is large, we can have doubly-enhanced T-violation effects - due to 
mixing and to the large top quark mass. Note that flavor changing neutral current processes 
only constrain the combinations V^V^* and V^V^* . For example, D-D mixing can put 
nontrivial constraints on the product V^2^K* ■ ^^^^ assume maximal mixing between the 
itR) cr) squarks and thus take 1^32^1 = to estimate the maximal polarization effects. 



1. exchange and r lepton polarization 

Charged Higgs exchange can give rise to effective scalar and pseudoscalar but not vector 
and axial-vector interactions, as can be seen from Lorentz invariance of the amplitude. It 
could thus contribute to the transverse polarization of the r lepton in both B DtV and 
B — > D*tV decays, but it does not contribute to the D* polarization in the e, /x modes. Fur- 
thermore, in the large tan/5 limit, the induced effective scalar and pseudoscalar interactions 
from ly-boson exchange are suppressed by 1/ tan/? relative to the charged Higgs exchange. 
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To estimate the maximal size of P^, we need only consider charged Higgs contributions. 

The m^-enhanced effective scalar-pseudoscalar four-Fermi interaction can be estimated 
from the diagram that contains a g-t-b loop and the H~tRh*i^ vertex. It is given by p6|j3[] 

AC 

Ch = -^CH{cRhL){rRVL) + H.C., (57) 

with 

= -^I,tanP^i^-tAl^v,y,^^Vr, (58) 
Stt m-g ss 66 62 ^ \ / 

where 0^ — 0.1 is the QCD coupling evaluated at the mass scale of the sparticles in the loop, 
At is the soft SUSY breaking A term for the top squark, /i denotes the two Higgs superfields 
mixing parameter, tan/3 is the ratio of the two Higgs VEVs, rrig is the mass of the gluino 
and V^f is the mixing matrix in the charged-Higgs-squark coupling H^Uiyij^. The integral 
function In is given by 



1 j-i-zi 2 
dz^ I dz2^_ -, (59) 

+ -^Z2 + {l-Zi- Z2) 



JO 



which is equal to one at mi = = rrig and varies slowly away from this degenerate point. 
The contributions to A5 and Ap from charged Higgs exchange are then given by 

As = -^Ih tan p- — z^y^ x ^ x ^ ^ , (60) 



Stt (mf, — rric) mjj rrig Vc 



cb 



o^s J . n mBmt fi + At cot P [V^^V^^V^'^' 



Ap = ^/^tan/? ^ '7 X ^^^^^L^ x ^'^^'^ ' ' . (61) 

Stt [mb + mc) mjj m-g Vcb 

To estimate the maximal r polarization effects, we assume \V^^\ = \V^\ ~ 1, mn = 
100 GeV and tan/5 = 50 [^. With maximal squark mixings, 11^32^1 = I/V2. Setting 

= At = m-g, mt = 180 GeV, = 4.5 GeV, mc = 1.5 GeV, Vcb = 0.04, and Ih = 1, we 
find 

IA5I < 1.6 (62) 
|Ap| < 0.8. (63) 

Averaging over the whole phase space gives, for B DtV, 
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0.22 X llmA^I < 0.35 



(64) 



and, for B D*tv, 



P. 



0.068 X llmApl < 0.05. 



(65) 



Both limits scale as (^^^^)^ (^) (^i^^^Mi^ilSliy in the absence of squark family 



mixing, the polarization effects are suppressed by a factor of - 



mbVct 



10^. 



2. W exchange and D* polarization 



As has been shown in section |11 D| , the T-odd polarization correlation of the D* in the 
decay B D*iT' (with i=e, /i) is only sensitive to an effective right-handed (RH) quark 
current interaction. With squark generational mixing, an effective RH interaction can be 
induced at one loop by the H^-boson exchange diagram with left-right mass insertions in 
both the top and bottom squark propagators. This leads to a term in the effective lagrangian 
given by ||16|,|3| 

4Gf 



w 



V2 



■CoicRrbR)iiL7al^L)+^.C. 



(66) 



with 



^ _ mmbjAt - /icot/j)(Ab - fitan (3) ^^sj^j^^^u^*^^D^ 
367r ^ ' 



m}, 



(67) 



where Ab is the soft SUSY breaking A term for the bottom squark, Vf^^^ is the super CKM 
matrix associated with the M/^-squark coupling W^Ui^^djj^, and the integral function Iq is 
given by 



1 fl-zi 

dzi / dz' 
Jo 



2 T 

m~ 



(68) 



Note that Jq = 1 for ^ = ^ 

^ rUg rrig 



[^zi + J_z, + il-z,- z,)Y 

a 9 

1, but it increases rapidly to ~ 8 as the squark-to-gluino 



mass ratios decrease to — = — 
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The Aji parameter of Eq. ( ]23|) is then given by 

«s , m,m,(A - /icot/3)(A - /itan/3) Vi"" V^''^'' 



To estimate the maximal size of A^j from the VT-exchange diagram, we take Jq = 5, tan (3 = 
50, At = Ab = = m-g = 200 GeV, and ll/gg^l = \Vi^^'^\ = 1. With maximal squark 
mixing (|V^2^| = ■^), we have the upper limit 

|A^| < 0.08 . (70) 



The averages of the two TOPO's related to the D* polarization are given in Eqs. (|55D and 
(^). Choosing the optimal orientations of the polarization vector in the two cases and 
inserting the above bound on |Aij| yields the following upper limits 



p{i) 



p{2) 



< 0.02, (71) 

< 0.016. (72) 



These limits for the D* polarization scale as {^w^^f {^) (f) ^ ^'"'^33^^'^^'' ^33^' 
where Msusy is the SUSY breaking scale. In the absence of squark intergenerational mixing, 
the D* polarization effect will be suppressed by a factor of 3? ~ 10'^. 

ycb 



B. i?-parity Violating Theories 

The requirement of gauge-invariance does not uniquely specify the form of the super- 
potential in a generic supersymmetric model. In addition to the terms which are usually 
present, one could also add the following terms: 

XijkLiLjEl + XijkLiQjDl + X'-ji^UiDjDl + HiLiH' , (73) 

where the coefficients could in general be complex and where i, j and k are generation 
indices. Note that we have omitted the implicit sum over SU{2)l and SU{?>)c indices and 
that \ijk=—Xjik and X'lj^=—X'l^y Of the four types of terms listed above, the last one may 



be rotated away by a redefinition of the L and H fields 
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The above A and A terms violate lepton number whereas the A" term violates baryon 
number. All three terms may be forbidden by imposing a discrete symmetry called i?-parity 
||3^ . Alternatively, one can use the experimental data to place constraints on these i?-parity 
breaking couplings. The most stringent constraints are on the AA" combinations and come 
from the non-observation of proton decay ^5[. To satisfy the proton stability requirement, 



one can also invoke a discrete Z3 symmetry called baryon parity which naturally allows for 
the lepton number violating terms while forbidding the baryon number violating A" term 
For this reason, we will simply set Afj^=0 in our analysis. The i?-parity- violating 



interactions in the lagrangian may then be written in the mass basis of the component fields 



as 



ijk 
ijk 



((4)^^14* + + d^e^ui)] + H.c. (74) 



The A and A' parameters are related by unitary rotations in generation space |37]. Note 
that while the above parameterization is not unique (one could, for example, put 
the "up" sector rather than Vkm in the "down" sector) the physics itself is parameterization- 
independent. 

Integrating out the relevant supersymmetric particles of Eq. (|7^ gives rise to two types 
of contributions to the quark-level transition h clV. The first type of contribution has 
the SM V — A structure and cannot interfere with the SM W^-exchange diagram in order to 
give rise to observable T- violating effects. The second type of contribution can induce scalar 
and pseudoscalar effective interactions. The relevant effective interaction for the r mode is 
given by 

^f. = -^^^c(l + 7^)6r(l - 7>r + H.c, (75) 

where summation over j = 1,2 is implied. The resulting expressions for the corresponding 
A parameters are then 
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2 (m-j)'^ KCpVch {mh-mcjm^' 



(76) 



Setting the slepton masses to 100 GeV we obtain the following estimates 

Ap ~ -4 X 10^ ^'^'^^^^ (79) 

K-/100GeV)2- ^'""^ 

The tau polarization is subject to constraints from present experimental data. The rare 
decay vr+z/z/ gives the bound |Aj*23| < 0.01 [^], whereas IA133I < 0.001 from bounds 

on the neutrino mass and IA233I < 0.03 from leptonic tau decays ||3^. We have assumed 



in each case a mass of 100 GeV for the sparticles. We thus arrive at the following 90% 
confidence level upper bounds on the transverse r polarizations, 



piD) 



piD*) 



< 0.05 , (80) 



< 0.008 . (81) 



In the limit of degenerate sparticle masses, these bounds are independent of the sparticle 
mass scale. 

We noted above that there are actually two types of i?-parity violating processes which 
could contribute to the quark-level transition h —>■ ctP. The first of these was ignored since 
it has the SM V — A structure and thus cannot interfere with the SM l^-exchange diagram, 
while the second was seen to give rise to an effective scalar-pseudoscalar interaction. It is 
interesting to note, however, that the SM-like term can also give rise to a T-odd transverse 
r polarization if it interferes with the tree-level charged-Higgs diagram which is generically 
present in supersymmetric models. This effect is technically of second order in the A pa- 
rameters, yet it need not be small if we take the current upper limit on tan P/ttih, which is 
approximately 0.5 GeV"^ [^. In this limit the magnitude of the effect could be comparable 
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to the limits quoted in Eqs. (|80|) and (0). Note also that while i?-parity violating inter- 
actions can give rise to scalar and pseudoscalar interactions, there is no tree-level induced 
right-handed current interaction which could contribute to the T-odd D* polarization. 



C. Non-supersymmetric Models 

In this subsection, we estimate the contributions to the TOPO's in some non-SUSY 
models. We will consider in turn the three-Higgs-doublet model (3HDM), leptoquark models 
and left-right symmetric models (LRSM's). 



1. Multi-Higgs-douhlet model 

An effective scalar-pseudoscalar four-Fermi interaction can be induced by tree-level 
charged Higgs exchange with CP-violating complex couplings. To be specific, let us con- 
sider the three Higgs-doublet model [^,^. The charged Higgs couplings to the fermions 



are given by 



2 



C = (2v^G^)i/2 Y^{^o^.u^VkmMdDr + I3,UrMuVkmDl + iii7ZMEER)Ht + H.c, (82) 

i=l 

where Mu, Md, and Me are the diagonal mass matrices for the up- type quarks, down- type 
quarks and charged leptons, respectively. The complex couplings a^, Pi, and 7j appear in the 
unitary mixing matrix between the mass eigenstates and gauge eigenstates of the charged 
Higgs boson. They satisfy six constraints, three of which are 

Im(«2/?2*) Im(«272) Ini(/?272) ' ^ 

It is clear from these relations that the CP-violating effective scalar and pseudoscalar in- 
teractions will always be proportional to (l/m?^+ — l/m?^+). Assuming that H2 is much 
heavier than , we find that the scalar and pseudoscalar A parameters are given by 

(o;i7imb + j3iYimc)m\ 
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(84) 



B 



{nib + rric) 



(85) 



Current data place a more stringent bound on Im(/5i7j') than on Im(ai7*) 
For mjj+ < 440 GeV, the inclusive process B —>■ XrV gives the strongest limit of 
|Im(ai7j')|/m?^+ < 0.2 GeV~^ at the 95% C.L. ||19[. This hmit in turn constrains the 
A's by |ImAs| < 8 and |ImAp| < 4. Therefore, the r transverse polarizations in i? — * Dru 
and B D*tV decays are given by 



(86) 
(87) 



which is in agreement with a previous estimate [|T^]. Qualitatively similar results have been 



found in the inclusive case 17,19 . 



2. Leptoquarks 

Both scalar and vector leptoquark models can give rise to effective scalar and pseu- 
doscalar interactions for the semileptonic B decays. The calculation of the r transverse 
polarization in these models is similar to the analysis of the muon transverse polarization 
in 7r°/i+z/ decay [Q. Unlike in that case, however, the current experimental data 

allow for a rather large r polarization in B decays. The difference compared to K^^^ is that 
the bound on the couplings for B decay comes mainly from t —>■ ct^t" and is much weaker 
than that for the K^^^ decay, which comes from D fi^fi^ . 

Let us consider, as an example, the following SU{3)c x SU{2)l x U{1)y invariant lep- 
toquark interaction, 

^ = {KjQieRj + XijU^iLj)(j) + H.c. , (88) 

where Q and L denote the usual quark and lepton doublets, respectively, (/> is a color- 
triplet, weak-doublet scalar leptoquark, and i,j are the family indices. An effective scalar- 
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pseudoscalar four- Fermi interaction is then induced by the exchange of the scalar leptoquark, 
givingpl 



1 A* A' 

eff = -T,^^^^L)^VLr). 

2 ml 



(89) 



The resulting expressions for A5 and Ap are given by 



A5 
Ap 



-50 X A33A23 X 



'200 GeV^ 



(90) 
(91) 



so that the transverse r polarization in i? — DtV and B ^ D*tV decays can be respectively 
of order unity and 0.2 if we take |Im(A33A23)| ~ 0.1. Note that leptoquark exchange does 
not give rise to a right-handed current at tree level. 



3. Left-right symmetric models 

An effective right-handed quark current can be induced at tree level in left-right sym- 
metric models (LRSM's) We will concentrate on this effect and neglect the effective 
scalar and pseudoscalar interactions by assuming that the charged Higgs decouple. Consider 
the most general class of models with gauge group SU{2)l x S'f/(2)p x f/(l). The charged 
gauge boson mass eigenstates are related to the weak eigenstates by the following two by 
two unitary matrix, 



^wA ( 



V 



\W2+ J 



(92) 



cos ( — sin ^ 
e*"^ sin ( e*"^ cos C 

where ( is the Wl — Wr mixing angle and is a CP-violating phase. The bounds on my/^ 
and C depend on the relation between the CKM mixing matrix for the left-handed quarks, 
= Vkmi and the analogous mixing matrix for the right-handed quarks. In any case. 



^We neglect for simplicity the effective tensor interaction which is also induced by this exchange. 
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is at least heavier than several hundred GeV , and we can safely neglect its effect 

for the purposes of our estimate. 

The presence of the off-diagonal term in the Wl — Wn mixing matrix means that the 
lighter mass eigenstate Wi can induce an effective right-handed current interaction of the 
form {cR'yi_ibR){iLl'^^L)- The resulting expression for Ar has the simple form 

Ar = -e^^C^ , (93) 

where gi and are the gauge couplings for SU{2)l and SU{2)fi, respectively. We will 
assume gi = gn for our estimate. 

Stringent bounds on the Wl — Wr mixing have been derived by assuming manifest left- 
right symmetry (V^ = V^) or pseudo-manifest left-right symmetry (V^ = Ki(y^)*K2, 
where Ki and K2 are diagonal phase matrices). Thus, for example, |C| < 4% from fi decay 
experiments [0], |C| < 4 x 10~^ from the analysis of K 2tt and K ^ decays (subject 



to some theoretical hadronic uncertainties) |^8|], and |C| < 5 x 10 ^ from semileptonic d and 
s decays The upper bound on llmA^I is then in the range 

llmARl < Id < (0.004 ~ 0.04) , (94) 

and the D* polarization in these scenarios is smaller than 10^^ ~ 10^^. 

If one does not impose manifest or pseudo-manifest left-right symmetry, the constraints 
on ( tend to become less stringent. Thus, for example, it is possible to have \Vjj^\ = 1 and 



ICI < 0.013 at the 90% CL. |^6|. The induced right-handed current can be significantly 
enhanced in this case, since 

llmAftl < 25 X Id < 0.32 (95) 
and the T-odd D* polarization in the B D*£v {i = e, fi) decays could be as large as 8%. 



IV. DISCUSSION AND CONCLUSIONS 



In this paper we have examined several of the T-odd polarization observables in the ex- 
clusive semileptonic decays B D^*^tu. We have provided a model-independent analysis of 
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these observables, concentrating on the r transverse polarization in B ^ D^*^tV and on the 
T-odd D* polarization in the decays B D*iV, with i = e, fi. These observables provide 
an attractive place in which to look for effects coming from new physics. As is known, they 
receive negligible contributions from standard model sources. Furthermore, they are quite 
clean theoretically, depending only on a small number of g^-dependent form factors which 
are in principle measurable or calculable on the lattice or within the context of Heavy Quark 
Effective Theory. We have also noted that the three types of observables under consideration 
are sensitive separately to three different types of quark-level effective interactions: the r 
polarization in the decay to the D (D*) probes effective scalar (pseudoscalar) interactions, 
and the T-odd D* polarization depends only on effective right-handed current interactions. 
This observation is independent of the functional forms of the form factors. A final general 
remark concerning these observables is that the branching ratios for these decays should be 
quite accessible at the planned i?-factories. Using the leading order results of HQET and 
taking ^{w) = 1.0 — 0.75 x (w — 1) (as we have in our numerical work), we find that 

B{B^DtV):B{B^D*tV):B{B^D&7):B{B^DHv) ~ ^ • ^ • ^ • ^ ' (9^) 

with i = e or fi. While these ratios should be taken as being only approximate, they do 
indicate that one can expect branching ratios for the first two decays (which are currently 
unmeasured) to be of order one percent. They also show that, all else being equal, the 
experimental sensitivity to a T-violating effective right-handed current interaction is much 
greater than that to a scalar or pseudoscalar interaction. This is particularly true if one 
combines the measurements in the electron and muon modes. 

In this work we have not included the effects of possible tensor interactions. In all of the 
models which we have considered - with the possible exception of the leptoquark models - 
such effects are either not present or are quite small. It is worth noting, however, that a 
model-independent analysis of tensor effects may also be performed along the same lines as 
followed here [^]. It is also straightforward to derive the tensor form factors for both the 
B D and B ^ D* transitions in HQET. 
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It is interesting to compare the sensitivity of the tau transverse polarization in Brs to 
that of the muon in K^^. A priori one expects the polarization effect to be larger for B^-^ than 
for K^^ due to the larger quark and lepton masses in the B case. The lepton polarization 
in these two cases may generically be written as a£ x ImAg, where the kinematical 

polarization function ai contains a helicity suppression factor, ai oc mi/rriM {ttim is the mass 
of the decaying meson), and where is a model-dependent parameter which measures the 
strength of the effective scalar interaction. The relative sizes of Ag and A^ are model- 
dependent, so let us consider the 3HDM as an example. In this case the ratio Ag/Ag is 
enhanced roughly by the factor m\/m\^. Thus, up to numerical factors of order unity, 
the transverse lepton polarization is enhanced by Pt/Ph ~ mBmr/mKirifj, ~ 10^. Similar 
qualitative analyses can be performed for the other models which we have considered. The 
rather large enhancement which one generically finds implies that in order to reach a given 
sensitivity to new physics, one requires far fewer B decays than K decays. The B system, as 
we have noted above, has the added advantage that there are several semileptonic B decay 
channels which have no analogue in the K system and which may in principle be used to 
identify separately the various possible sources of T violation. 

Although we have considered here only the decays B — > D^*'>tP, our results may also be 
applied to the related decays B — > ■n{p,ui)tu. The results of HQET are not applicable to 
these decays, so that the form factors need to be obtained using phenomenological models 
and/or experimental data. It is expected, however, that the T-odd polarization effects in 
these modes could be just as large as for the 6 — ^ c transitions. The usefulness of these decays 
as probes for T-odd signals of new physics may be limited, however, since their branching 
ratios are expected to be smaller by one to two orders of magnitude. 

In conclusion, we have presented a general analysis of several T-odd polarization ob- 
servables in the semileptonic B decays to D and D* mesons. We have given numerical 
estimates of theses observables in both supersymmetric i?-parity conserving and i?-parity 
breaking models as well as in some non-supersymmetric extensions of the SM, namely the 
three-Higgs-doublet model, leptoquark models, and left-right symmetric models. The re- 
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suits of these model estimates have been summarized in Table ||. It is encouraging that the 
polarization effects in many of these models can be in the range of a few percent to several 
tens of percent and could thus be accessible to the planned B factories. 
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APPENDIX A: 



In this appendix we define the kinematical functions gi{x,y) and fi{x,y) which arise in 
the definitions of pn^x.y) and pD*{x,y). They are given, for lepton i, by: 

gi{x, y) = {3 - X - 2y + re ~ rD){x + 2y - 1 - ri - td) 

-{I + X + rD){l - X + td - rt) (Ala) 

g2{x,y) = ri{3 - X - 2y - td + Ti) (Alb) 

Qsix) =ri{l-x + rD-re) (Ale) 



and 



fi{x,y) = {1 - X + - ri) + —{x + y - 1 - r^* - r^)(l - y + re- rr,,) (A2a) 
f2{x,y) = [{x + 2y-l- Td* - rf)(3 - x - 2y -Td* + r^) 

-{1-X + -rt){l + x + ro*)] (^-^ - 1^ (A2b) 

Ux) = r,(l -x + td*- r,) - 1^ (A2c) 
fi{x,y) = 2xy{l - y + re - r^*) + 2x(2 - x - y){x + y -1 - td* - re) 

-4(1 - y + re - rD*){x + y - 1 - rn* - ri) - 4r£,.y(2 - x - y) (A2d) 
f5ix,y) = —x{l -y){x + y - 1) - 7^x{3 - 2x ~ 3y - r^* + r^) 

+2(1 - y){l - X - y) - X + 2rz). - r^(x + y) (A2e) 

/6(x, y) = -^[x(l - y + r, - rz,.) - 2rB. (2 - x - y)] (A2f ) 

hix, y) = r(,{3 - X - 2y -td* + r^) iy^^ - ^ (A2g) 

f%{x,y) = 2y{l -y + re- td*) - 2{2 - x - y){x + y - I - td* - re). (A2h) 



APPENDIX B: FOUR-BODY FINAL STATES 



In this appendix we demonstrate how the two T-odd D* polarization observables defined 
in the text (see Eqs. (^Oj) , (|55|) and (|56D ) may be related to T-odd momentum correlations 
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in the four-body final state of the decay B^D*{DTi)tu. The two observables have different 
structures in terms of the D* polarization vector and may be separately extracted by em- 
ploying suitable integration prescriptions in the integration over the momentum of the final 
state pion. We will examine two different types of prescriptions and calculate the statistical 
error in each case. A previous analysis of T-odd asymmetries in the four-body final state 
may be found in Refs. [^,^, where it was noted that the final state interaction effects on 
the T-odd observables are probably negligible. One could similarly study the T-odd mo- 
mentum correlations in the channel B-^D*{D'~f)iV, but this channel will not be examined 
here. 

Let us then calculate the differential partial width for B^D*{Dn)iV. The Feynman rule 
for the effective D*'^-'k-D vertex is simply given by fp^ |5l|, where the constant / may be 
inferred from the partial width of the decay D* nD. This width is given by 

where 

p^ = -^X'/'iml,,mlml) (B2) 

denotes the magnitude of the pion momentum in the D* rest frame and A(x, y, z)=x'^ + y'^ + 
— 2xy — 2xz — 2yz. In order to calculate the decay rate for B^D*{D'n-)iV, we need to sum 
over the intermediate states of the D*, which may be done either by using a Breit-Wigner 
propagator for the D* or by employing a density matrix approach. The resulting expression 
for the partial differential width in the B rest frame is given by 



d^T{B D*{DTT)ei7) 



dxdy 

where 



3mBGl\Vcb\ ^ 
5127r4(p;)2 \Js 



s 



M 



X BR{D* TiD), (B3) 



M = MP'' [p.p-Pd*J^-^^]uM1c.vl{p.), (B4) 

and where A^''" has been defined above in Eq. (^). The angular integral in Eq. ( P3| ) is 
to be performed in the rest frame of the decaying D* using some prescription "S"." This 
prescription may be designed such that it picks out the T-odd contributions. 
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The angles in the D* rest frame may be defined as follows 

Pb = |pb| (0,0,-1) , (B5) 
P£ = Ip^I (sin6'£,0,cos6'£) , (B6) 
Vtt = \Pn\ (sin 6*7^ cos (p-,,, sin 9^, sin 0,^, cos 6',r) , (B7) 

where pb, Pe and are the momenta in the rest frame of the D*. There are then in principle 
three T-odd structures which one may construct in terms of the pion momentum. These are 

Ptt ■ {pb X pi) ~ sin sin c/)^, (B8) 
(Ptt ■ Pi) Ptt ■ {pb X Pi) ~ slu 9^^ COS 9^, sin (p^,, sin^ 6*^ sin 0^ cos (p^,, (B9) 
(Ptt ■ Pb) Ptt ■ {pb X Pa) ~ sin 6^^ cos 9^ sin 0^. (BIO) 

Only the latter two structures are present in the partial width since, in the D* rest frame, 

\P^p-PD*p 2 — — ' 9piP^, (Bll) 

\ ^D* / 

SO that all terms in the squared amplitude are bilinear in the pion momentum. The observ- 
able T-odd functional forms are then given by 

Ti{9t,, (pT^) = sin^ 6^7^ sin </)7r cos (/)^, (B12) 
22(^7r, 07r) = sin 6'^ cos 6'^ sin0^. (B13) 

There are several integration prescriptions which may be used to extract the terms in 
the width which are proportional to Ti and T2. In general these reduce to weighting the 
differential width by some function f{9^,(j)^) in such a way that only the desired piece 
survives the angular integration. We shall examine two such prescriptions in this appendix. 
The first approach (prescription "A" ) is closely related to that used in Ref. and amounts 
to weighting the angular integral by ±1, depending on the angle. In the second approach 
(prescription "B"), the integrand is weighted by the functional form itself, which also has 
the effect of eliminating all but the desired piece. As we shall show, prescription "B" is 
statistically more efficient than prescription "A." 
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Let us first consider prescription "A". In this case the integrand is weighted by ±1 as a 
function of the angle. Two different such prescriptions may be used to separately pick out 
the terms proportional to Ti and T2, while eliminating all other terms. It is straightforward 
to verify that the following two prescriptions do the job: 



Ai Jo \Jo 



37r/2 



2n 



dm 



n/2 



sin 6.„d6. 



/O Jtt/2J \Jo 

We may then define the following normalized asymmetries 



tt/2 Jtt J3tt/2^ 

IT p27V\ 



(B14) 
(B15) 



'd^T^^' 
dxdy 



X 



dxdy 



-Ai(x,i/)Im(FAoF(r) 

71 



(B16) 
(B17) 



and 



^2-p4-bdy 

AA,{x,y) = I —A — I X 



dxdy 



dxdy 



-X2ix, y) \m{F'^^F'X^) + \m{F'^_,F^){x + 2y-2-r,) 



TT 



+Im(F;_F{;)r, + \u,{F'^^Fi;)d^{x, y) 



(B18) 



(B19) 



The above two asymmetries are proportional to the two terms in the expression given for 
the polarization of the D* in Eq. (^), that is, 



PD*ix,y) = {^■n2)7^[ie-ni)AAi{x,y) + {e-n3)AA2{x,y)] ■ 



(B20) 



We have thus confirmed our assertion that the two polarization structures in Eq. (|^) may 
be measured separately by following the decay of the D* and studying the T-odd momentum 
correlations in the resulting four-body final state. 

We now turn to prescription "B" . In this case the differential width is weighted by the 
functional form itself in the angular integration. One may easily verify that weighting the 
width by Ti picks out the term proportional to Tj and eliminates all other terms. Prescription 
"B" is then defined by: 
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Ti(^., 0.) : J^^ dQl = J dQl (^^^ T,{e^, 0^) , (B21) 



Bi 

B2 " J " \ n 



T2{e^, 0.) : I dni= I dni [ — ] r^ie^, 0^) . (B22) 



The normalizing factor of lO/vr has been included so that the resulting asymmetries (defined 
in analogy with Eqs. ( |B16| ) and ( pi8|) ) have the same numerical value using either method; 



that is, ABXx,y)='^AX^,y)- 

In order to compare prescriptions "A" and "B", it is useful to calculate the statistical 
uncertainties which would be expected in a measurement of the two asymmetries, Aa^ and 
Asi, given some number of events N. In particular, we will calculate the uncertainties of 



the averaged quantities Aa^ and Ab,, in which the averages over x and y are performed as 
prescribed in Eqs. (^) and (^Bj), for i = 1 and 2, respectively. The numerical calculations 
will be carried out for the electron and muon channels, since these are the modes which we 
have concentrated on in the text. 

We first define the expectation value of some operator O as follows: 

M 



{O) ^ (B23) 

M 



J dxdy J dVtl 
J dxdy J dVLl ^ 

This expectation value corresponds to a "measurement" of the operator O in the probability 

~ 2 

distribution defined by Ai . The statistical error for this observable, given events, is 



then 



ao . (B24) 



The four averaged asymmetries may be expressed in terms of this compact notation by 
writing 



Aa. = {Oa,) , Ab^ = {Ob,) , (B25) 
where the four operators are given by 

Oa, = ±1 , Ob^ = ± (—] T,{e^, <f)^) . (B26) 



TT 
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The appropriate sign to choose in the above expressions depends in general on ^^r, 07r and y. 

It is now straightforward to calculate the statistical uncertainties associated with the 
averaged asymmetries in the prescriptions "A" and "B" . In order to evaluate these numeri- 
cally, we may safely neglect the term (O)^ in Eq. ([B24| ) , since it is the square of the averaged 
asymmetry and is typically quite small compared to (0^), which is of order unity. Taking 



S,{w) = 1.0 — 0.75 X (w — 1) and setting the A's to zero in 



M 



, we find 



.'(0|.> 0.75 



;(0^> 0.89 

(Tb, ~ — = —;=. (B30) 

We could, alternatively, calculate the number of events required to achieve a given statistical 

uncertainty. In this case, the ratio of the number of events required in prescriptions "B" 
and "A" is given by 

^ ^ 0.57 , (B31) 

0.79 . (B32) 



Na, 

Thus prescription "B" is more efficient than prescription "A" , as we have asserted 
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TABLES 

TABLE I. T-odd polarization observables (TOPO's) for exclusive semileptonic B decays 
in terms of effective scalar (A^), pseudosealar (Ap), right-handed quark current (A^^), and 
left-handed quark current (Al) four-Fermi interactions. Pt^^ and Pt^ ^ denote the transverse 
T polarization in the B — DtV and B — D*tV decays respectively; P^i {£=e,iJ,,T) denotes the 



T-odd D* polarization observable in the B — > D*ii' decay. 

ImAg ImAp IiuAr IiuAl 

P^^^ V 

P^f^ V 

p^D* V V 
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TABLE II. Contributions to the effective four- Fermi interactions and to the various TOPO's 
from SUSY with squark intergenerational mixing, SUSY with i?-parity violation, the three 
Higgs-doublet model (3HDM), leptoquark models, and left-right symmetric models (LRSM's). We 
have neglected the effects due to charged Higgs bosons in LRSM's, assuming that the Higgs bosons 
are sufficiently heavy to decouple. The numbers in the table are the maximal polarization effects 
and are meant mainly for the purpose of illustration. Their actual sizes in particular models will 
depend on the details of the models. 





squark mixing 




3HDM 


Leptoquarks 


LRSM 


As 


V 


V 


V 


V 







V 


V 


V 


V 







V 











V 




0.35 


0.05 


~ 1 


~ 1 





\Pr^\ 


0.05 


0.008 


0.3 


0.2 





lp(i)| 


0.02 











0.08 


|p(2)| 


0.016 











0.06 
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FIGURES 





FIG. 1. Contour plots for the semileptonic decay B — > DtV, using ^ = 1 — 0.75 x {w — 1) for 
the Isgur-Wise function: (a) the Dalitz density function p£){x,y); (b) the transverse r polarization 
function cr£)(x, y). 
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FIG. 2. Contour plots for the semileptonic decay B D*tV, using ^ = 1 — 0.75 x {w — 1) for 
the Isgur-Wise function: (a) the DaUtz density function pD* {x, y); (b) the transverse r polarization 
function aD*{x,y). 
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FIG. 3. Contour plots for the semileptonic decay B — D*iU {£=e,ijL), using ^ = 1— 0.75x (u;— 1) 
for the Isgur-Wise function: (a) the Dalitz density function p^j-)t{x,y); (b) the D* polarization 
function ai{x, y); (c) the D* polarization function a2{x, y). The masses of the leptons are neglected 
in these plots. 
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